The aerobic granular sludge membrane bioreactor (AGS-MBR) has the potential for simultaneous carbon/nitrogen removal and membrane fouling mitigation. Most studies have focused on comparison of granular sludge MBR and flocculent sludge MBR in short-term tests using synthetic wastewater. In this study, two identical AGS-MBRs were developed, and the reactor performance and membrane fouling were examined systemically over 120 days for synthetic wastewater and municipal sewage treatment, respectively. Results showed that regular granules with good settling ability were developed and maintained throughout the experimental period. Regardless of the substrate type, AGS-MBR demonstrated a stable removal of carbon (85-95%) and nitrogen (50-55%) in long-term operation. In addition, the membrane fouling propensity is apparently lower in AGS- This study shows that AGS-MBR is effective and stable for municipal sewage treatment and reuse during long-term operation.
INTRODUCTION
Membrane bioreactor (MBR) has become more and more popular in the treatment and reuse of industrial and municipal wastewater because of the high effluent quality, small footprint, and low excess sludge production. However, membrane fouling is still an unavoidable barrier in the application of MBRs because of the increase of operational costs (Meng et al. ) . In MBRs, fouling of membranes is caused by complex physical and chemical interactions between the various fouling constituents in the mixed liquor and the membrane surface (Li et al. a, ) . Control of membrane fouling through optimization of mixed liquor is one of the hot topics in recent years (Ding et al. ; Meng et al. ) .
The aerobic granular sludge (AGS) process is a technology based on the successful cultivation of aerobic granules in bioreactors. It has excellent settling ability, high biomass retention, ability for simultaneous nitrification-denitrification and removal of toxic substances compared with conventional activated sludge systems (Pronk et al. ) . The granules are densely packed microbial aggregates with rich and strong microbial structure, which are formed by large varieties of aerobic and anaerobic respiring microbes that colonize in different granule layers. Aerobic sludge granules have been successfully integrated with mesh filters or membranes for development of submerged aerobic granular sludge membrane bioreactors (AGS-MBRs). Aerobic granules played a promising role in membrane fouling reduction in AGSMBRs as they can form a biocake with more porosity than floc biocake (Tay et al. ; Li et al. a, b) . The AGS-MBR and flocculent sludge MBR have been compared and the extracellular polymeric substance (EPS) concentration and composition of the foulant was also investigated (Wang et al. ) . However, most studies have focused on comparison of granular sludge MBR and flocculent sludge MBR in short-term tests using synthetic wastewater. The investigation on stability of the AGS-MBR for municipal sewage treatment is very limited, and the possible granule disintegration and irreversible fouling of the membrane during long-term operation have not been studied.
In this study, two identical AGS-MBRs were developed and operated over 120 days for treating municipal sewage and synthetic wastewater, respectively. The reactor performance and membrane fouling of AGS-MBRs in long-term operation were investigated systemically. Granule size, fractal dimension (D F ), EPS, soluble microbial product (SMP), total organic carbon (TOC), ammonia nitrogen (NH 3 -N) and total nitrogen (TN) were monitored continuously. The membrane filtration resistance analysis and excitation-emission matrix (EEM) fluorescence spectroscopy of extracted membrane foulant were also conducted to understand the membrane fouling mechanisms. It can be expected that this study would provide useful information for further development of AGS-MBR technology.
MATERIALS AND METHODS
Reactor setup and continuous operation Seed sludge, wastewater and reactor operating conditions The granule sludge taken from a column-like SBR fed with acetate-based media in our laboratory was seeded into the Table 1 .
The reactor fed with synthetic wastewater or municipal sewage was operated without membrane module immersion until the aerobic granules stabilized in the reactor (50 days and 70 days, respectively). Then, the bioreactor was tested with membrane filtration for 120 days. The operating conditions are summarized in Table 2 .
Membrane filtration resistance analysis
The membrane filtration resistance was calculated using Equation (1) (Kurita et al. ):
where R t is the total membrane filtration resistance, R m is the intrinsic membrane resistance, R r is the reversible membrane filtration resistance, R ir is the irreversible membrane filtration resistance, TMP is the transmembrane pressure, μ is the dynamic viscosity of permeate and J is the membrane flux. R m was estimated by measuring the flux of de-ionized water. R t was valued by the final flux of biomass microfiltration. The fouled membranes were manually wiped with a sponge to remove the accumulated cake that accounted for the reversible fouling (R r ), and the irreversible membrane filtration (R ir ) resistance was calculated by subtracting R m and R r from R t .
Other analytical methods whereas low values correspond to more 'loose' aggregates.
The EPS was extracted from the granules following a 'formaldehyde-NaOH' method described previously (Li et al. b) . In this study, extracted EPS was analyzed by examining polysaccharide concentration (mg L À1 ) and protein concentration (mg L À1 ). The protein concentration was determined by binding of Bradford reagent to the protein with bovine serum albumin as a standard and the polysaccharides concentration was determined according to the phenol-sulfuric acid method with glucose as a standard (Li et al. a, b) .
A fluorescence spectrophotometer (LS 55, Perkin Elmer
Company, USA) was used for obtaining the fluorescence EEM spectra. Emission spectra between the wavelengths of 230 and 550 nm were collected at 5 nm increments by varying the excitation wavelength from 230 to 550 nm at 5 nm intervals. Excitation and emission slits were set at 
Synthetic wastewater 74.3 ± 5.0 38.7 ± 0.9 38.7 ± 0.9
Municipal sewage 83.7 ± 6.3 39.2 ± 2.7 55.9 ± 5.0 
RESULTS AND DISCUSSION
Sludge characteristics in the reactor although the aerobic granules cultivated with the synthetic wastewater had a slightly bigger particle size, these granules are looser than that of sewage. Considering the MLVSS/ MLSS ratios, it can be concluded that overgrowth of filamentous microorganisms leads to a smaller granule density compared with the granules feeding with sewage. The results support the fact that density contributed more to settling than particle size, which was in accordance with the observation with SVI. Figure 5 illustrates the TOC removal of the AGS-MBRs for synthetic wastewater and municipal sewage treatment, respectively. The TOC of the sewage was about 10 mg/L higher than that of synthetic wastewater. In addition, the TOC removal efficiency for synthetic wastewater (96.1%) was apparently higher than that for municipal sewage (84.9%). The synthetic wastewater mainly consists of acetate and glucose and these readily biodegradable organics can be utilized by the microorganisms completely. However, the municipal sewage contains a wide range of organic compounds and some of the organics may be refractory or not readily biodegradable substances. Therefore, the relatively high supernatant TOC in municipal sewage treatment (13.3 ± 2.1 mg L
Carbon and nitrogen removal of AGS-MBR

À1
) was due to the accumulation of non-biodegradable organics either from the sewage or from the microbial excreted substances. It should be noted that some of the organics in the supernatant were retained by the membrane in the AGS-MBRs (about 2.5-3.0% of the TOC).
The result indicates that the carbon removal of the AGSMBRs was mainly through the biodegradation of the AGS. much bigger than the membrane pores. This makes it difficult for them to attach or clog on the surface of the membrane. Therefore, the membrane foulant in AGSMBRs is likely due to attachment of the colloid or solutes in the mixed liquor, to which SMP and EPS contribute the most (Li et al. a, b) .
Membrane fouling characteristics In order to further understand the composition of membrane foulant in the AGS-MBR for different wastewaters, the shows that AGS-MBR is effective and stable for municipal sewage treatment and reuse during long-term operation.
